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Nanoparticles of ATO (antimony doped tin oxide) were used to
produce thick conductive, free standing mats of nanoﬁbers via
electrospinning. These ﬁbrous mats were incorporated into
polymer ﬁlms to produce a transparent conducting polymer foil.
Moreover, the ﬁber mats can serve as porous electrodes for
electrodeposition of Prussian Blue and TiO2 and were tested in
dye-sensitized solar cells.
TCO (transparent conducting oxide) materials are widely used
in opto-electronic applications as transparent electrodes,
commonly as thin, compact ﬁlms deposited on glass or quartz
substrates.1,2 These TCO layers of 200–300 nm thickness possess
sheet resistances typically below 20 O/& and transparencies
above 85% in the visible range, making them also suitable as
two-dimensional electrodes for electrochromic devices3 and solar
cells.4 TCO ﬁlms with 3D porosity with pore sizes beyond
100 nm are supposed to be useful for diverse applications. As
proposed by Zaban et al., a 3D TCO electrode theoretically
oﬀers advantages for electron collection in DSSCs (dye-sensitized
solar cells),5 due to a higher surface area and a shorter electron
diﬀusion pathway to the back electrode. The practical realization
of such DSSCs with TiO2 on ITO (indium tin oxide) nano-
powders6 and nanowires generated by laser-ablation7 showed
only low conversion eﬃciency, but recently a more elaborate
approach based on a poly(carbonate) template yielded around
4% eﬃciency.8 In addition, porous TCO electrodes might
prove suitable in other applications with non-conducting
polymers or oxides with low intrinsic conductivities, as for
example oxide cathodes for Li-batteries.9
Here we demonstrate a novel procedure allowing the production
of ATO (antimony doped tin oxide) nanoﬁber mats and their usage
to endow intrinsically insulating polymer ﬁlms with conductivity,
and as highly porous electrodes for electrodeposition and device
fabrication. To the best of our knowledge, this is the ﬁrst working
example of a nanoﬁber-based ATO electrode. For ordinary
TCO electrodes, typical deposition techniques are CVD and
PVD (chemical and physical vapor deposition), including
spray pyrolysis, PLD (pulsed laser deposition) and magnetron
sputtering, resulting in compact layers. Various attempts
have been made to employ sol–gel processing, yielding good
transparency, but generally much lower conductivity. Main
beneﬁts of sol–gel approaches are the possibility of solution-based
coating technology and the facile generation of porosity through
suitable polymer templates, as demonstrated for mesoporous and
macroporous ITO.10,11 An alternative concept to endow TCOs
with porosity is the generation of nanoﬁbers by electrospinning.
The combination of a suitable polymer as a carrier with
conventional sol–gel processing thus can be applied for
the electrospinning of metal oxide ﬁbers, including ITO.8,15
However, for other n-type TCO materials like ATO, FTO
(ﬂuorine doped tin oxide) or AZO (aluminum doped zinc oxide)
only low conductivities have been reported, even for nonporous
ﬁlms, while these TCOs are desirable substitutes of the costly
ITO.12 In contrast to ITO, for these ternary oxides a sol–gel
route leads to a non-ideal stoichiometry and a phase-separation
into the two corresponding oxides, thus resulting in a lower
conductivity. These shortcomings can be overcome to some
extent by using preformed nanoparticles.13,14
In this work we extend the electrospinning of TCO nanoﬁbers
by using a dispersion of colloidal ATO nanoparticles instead of
classical sol–gel precursors to obtain more stable electrospinning
solutions. Further advantages of this approach are the control of
stoichiometry and crystallinity of the preformed nanoparticles,
which are especially beneﬁcial for ternary oxides like TCOs.
A main challenge was to develop ATO nanoparticle dispersions
enabling electrospinning of high-quality nanoﬁbers. A precipitation
method from the literature13 was modiﬁed to create highly
crystalline ATO nanoparticles (Fig. S1 and S2, ESIw) of
ca. 3–6 nm in size (Fig. S2 and S3, ESIw) that did not contain
ionic stabilizers and could thus be redispersed in solvents
suitable for electrospinning. In a typical electrospinning
experiment, a dispersion of ATO nanoparticles (20 wt%)
was spun with PVP (poly(vinyl pyrrolidone) as a carrier
polymer (see ESIw for details) to produce a non-woven mat.
As an important step to increase the packing density of
the ﬁbers, this mat was soaked with hexane and dried at
room temperature, before calcination at 550 1C for 10–20 min.
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The free-standing ﬁber mat could then be ﬁxed onto a glass or
commercial FTO (Haller Glas, Germany) substrate by wetting
the substrate with a drop of 5 wt% Sn(IV)Cl4 solution in
ethanol. This procedure might seem cumbersome, but taking
into account the 15–20% shrinkage of the ﬁbers during
calcination, it is the only way to avoid extensive rupture and
delamination of the nanoﬁbers, as it occurs for nonfree-
standing mats on substrates. We believe this problem to be
the main reason that TCO nanoﬁber mats have not been used
so far for electrodeposition or device fabrication (other than
single ﬁber sensing), although there are several reports on ITO
nanoﬁbers,16 showing good conductivity for an individual
nanoﬁber. Actually, the sol–gel approach in these works
leads to even more pronounced shrinkage, but our ﬁxation
procedure is equally applicable for such sol–gel derived nano-
ﬁber mats, while we only found the sol–gel derived ITO ﬁbers
to be highly conductive. For other TCO materials including
ATO, the nanoparticle approach seems more viable.
To evaluate the macroscopic conductivity, the resistance of
ﬁbers mats on glass was measured over a distance of 1 cm
between contacts made from conducting silver paste. For a mat
electrospun for 120 s typically the resistance is approx.
400 O cm1 (see Fig. S4, ESIw), being only one order of
magnitude higher than for commercial TCO-coated glass.
The nanoﬁber mats could be generated with variable thickness
(controlled by the spinning time), all possessing reasonable
conductivities. This was demonstrated by depositing Prussian
Blue (Iron(II,III) hexacyanoferrate).17
As shown in Fig. 1, deeply colored ﬁlms were obtained, and
Prussian Blue was homogeneously deposited onto the ﬁbers.
In an aqueous solution of 0.1 M KCl as an electrolyte, the
cyclovoltammogram shows oxidation and reduction peaks at
the same potentials as for a Prussian Blue ﬁlm deposited on
commercial FTO glass (see Fig. S5, ESIw). Similarly, the
electrochromic behavior of Prussian Blue, i.e. the reversible
coloration and bleaching, was observable with a stable
response for at least ten cycles. Whereas the electrodeposition
of Prussian Blue on ATO nanoﬁbers proves the applicability
of the methodology, the concept of ﬁbrous electrodes is
more universal and oﬀers advantages in other systems like
TiO2-based dye-sensitized electrodes. TiO2 can be anodically
deposited from acid TiCl3 solution and the addition of surfactants
Fig. 1 ATO nanoﬁber electrode before (left) and after (right) Prussian Blue electrodeposition: scheme (top), SEMs and digital photographs
(lower inset) of the ﬁber mat used as an electrode on a glass slide.
Fig. 2 Digital photographs of ATO nanoﬁber mats (a) in air and (b) inside poly(styrene). The latter composite poly(styrene) (PS) ﬁlm containing
the ATO nanoﬁbers imaged with a laser microscope (c) and the macroscopic resistivity through the PS-ATO ﬁlm (d).
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like SDS (sodium dodecylsulfate) or BTB (bromothymol blue)
aﬀords the generation of porous titania.18,19 However, when the
thickness of the titania layer exceeds 500 nm on ﬂat substrates
cracks appear and the ﬁlm tends to peel oﬀ, thus severely limiting
light absorption and the solar cell eﬃciency (see Fig. S6, ESIw).
In contrast, a deposit of 500 nm of TiO2 on each nanoﬁber in a
thick ﬁber mat results in an overall thickness of several microns
(see Fig. S7, ESIw). Consequently, the dye-sensitized solar cells
based on our nanoﬁbrous ATO electrodes generate a higher
photocurrent of 3.9 mA cm2 than solar cells similarly prepared
on ﬂat FTO substrates showing a value of 0.9 mA cm2 (Fig. S8,
ESIw). Although the cell displayed a ﬁll factor of only 33%,
possibly due to defects in the blocking layer on the ﬁbers, we
observed conversion eﬃciencies of up to 1% for a standard
Graetzel-cell test without optimization (other than using a ﬂat
FTO substrate instead of a glass slide as back contact to avoid a
high internal resistance).
Another ﬁeld of application for the ATO nanoﬁbers mats
can be found in polymer ﬁlms that are usually insulating. We
demonstrated a hybrid polymer–TCO ﬁlm with antistatic
properties and good transparency (unlike CNT hybrids20)
by simply hot pressing our ATO nanoﬁber mats into
poly(styrene) or poly(vinylpyrrolidone) (Fig. 2, see ESIw for
the synthesis). Since the average indices of refraction of the
polymer and the ATO ﬁbers were similar, the hybrid ﬁlms
showed high transparency, in contrast to the nanoﬁber mats
themselves. The resistivity was determined by 2-probe
measurement to be 20 kO cm1 in-plane and 100–300 kO
perpendicular to the composite ﬁlm. As seen by a laser
microscope (Fig. 2), the ﬁbers were homogeneously distributed
within the polymeric matrix. The optical transmission was
ca. 75% (at 500 nm). Thus, high conductivity can be achieved
at moderate loadings of ATO ﬁbers owing to a quite low
percolation threshold. Such hybrids take advantage of the
nanoﬁbers’ conductivity while oﬀsetting their fragility and
therefore represent an interesting type of antistatic and trans-
parent polymer ﬁlm. Such conducting polymer hybrids can
also be achieved with carbon nanotubes,20 but evidently the
transparency is a signiﬁcant advantage of the TCO alternative.
In conclusion, we demonstrated a novel approach for the
fabrication of nanostructured electrodes based on electrospun
ATO nanoﬁbers and their use as porous electrodes and for the
generation of conducting composite ﬁlms with insulating
polymers of high industrial impact. We are further convinced
that our approach of generating and using TCO ﬁber mats
represents a novel conceptual methodology with substantial
potential in diverse ﬁelds requiring a three-dimensional
electrode.
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